Current evidence suggests a direct association of uric acid with diabetes risk, but it is still unclear whether this is independent of risk factors such as obesity and diet. We aimed to investigate whether plasma uric acid concentrations are independently associated with incident type 2 diabetes and to investigate the role of a uric acid-related dietary pattern in this association. We used a case-cohort nested in the European Prospective Investigation into Cancer and NutritionNetherlands study. The study included 2318 subcohort members and 845 incident diabetes cases, with a mean follow-up of 10 y. At baseline, blood samples were taken and diet was assessed using a validated FFQ. A uric acid-related dietary pattern was derived with reduced rank regression. Diabetes was mainly self-reported and verified against general practitioner records. Plasma uric acid was (mean 6 SD) 231 6 54.6 mmol/L in the subcohort. After adjustment for established diabetes risk factors such as age, the HR (highest vs. lowest quartile of uric acid) for diabetes was 4.36 (95% CI: 3.22, 5.90). Further adjustment for adiposity attenuated the HR to 1.86 (95% CI: 1.32, 2.62). Additional adjustment for hypertension and biochemical markers, such as TG, slightly attenuated the association [HR = 1.43 (95% CI: 0.97, 2.10)]. A uric acid-related dietary pattern did not confound the association. In conclusion, this study supports that high uric acid concentrations are associated with increased diabetes risk, although a large part of the association can be explained by the degree of adiposity.
Introduction
Hyperuricemia is considered to precede gout but has also been associated with increased risk for other diseases, such as renal and cardiovascular diseases and type 2 diabetes (1). Uric acid may promote insulin resistance by inhibiting endothelial function (1, 2) , and a recent meta-analysis of 11 cohort studies found a 17% increased diabetes risk with every mg/dL (59.5 mmol/L) serum uric acid increase (3) . It is, however, still a matter of debate whether uric acid is a risk marker or an independent risk factor for diabetes (1, 2) . Uric acid concentrations are closely related to other diabetes risk factors, such as alcohol consumption and metabolic syndrome components (1, 2) , making it difficult to conclude an independent effect of uric acid. Some, but not all, previous studies have taken a substantial range of potential metabolic confounders into account, leading to attenuated but still significant findings of increased diabetes risk.
However, the role of diet has not been accounted for, except for alcohol in some studies. Alcohol consumption may increase uric acid concentrations (4) and adjustment for alcohol consumption generally attenuated associations of uric acid with diabetes, although the direct association remained present (3) . Other dietary factors that may increase uric acid concentrations are purine-rich foods (meat, seafood, legumes, and a selection of vegetables) (5, 6) and fructose (7) . On the other hand, vitamin C (8), coffee (9) , and dairy products (10) have been suggested to independently inversely affect uric acid concentrations. Many of these dietary factors have previously been linked to diabetes risk (11, 12) and could therefore confound the association of uric acid with diabetes.
In this study, we examined: 1) whether plasma uric acid is associated with incident type 2 diabetes; 2) whether this association is independent of diet (because a large range of dietary factors may affect uric acid, some in a positive and others in a negative direction, we constructed a dietary pattern score related to uric acid concentrations to summarize the net effect of diet on uric acid); and 3) whether this association is independent of metabolic risk factors such as hypertension and obesity.
Methods
Design and study population. The European Prospective Investigation into Cancer and Nutrition-Netherlands (EPIC-NL) 8 consists of the 2 Dutch contributions to the EPIC study, Prospect-EPIC and MORGEN-EPIC. EPIC-NL's design and rationale are described elsewhere (13) . The Prospect-EPIC study includes 17,357 women aged 49-70 y at baseline living in the city of Utrecht and its surroundings. The MORGEN-EPIC cohort consists of 22,715 randomly selected men and women aged 21-64 y living in the cities of Amsterdam, Doetinchem, and Maastricht. All participants provided written informed consent prior to study inclusion and both cohorts were approved by the local ethical committees.
For the present study, we used a nested case-cohort design consisting of all incident diabetes cases (n = 924) identified during a mean follow-up of 10 y and a representative subcohort sampled from the whole EPIC-NL cohort at the beginning of the study [n = 2604 (6.5% of the total cohort)]. Using this sampling strategy, the subcohort included incident diabetes cases that contribute person-time as controls until they experienced the event (diabetes).
After excluding participants with prevalent diabetes (n = 43), extreme energy intakes (n = 34), or missing nutritional or plasma data (n = 235), or without consent to linkage with the disease registries (n = 50), 3087 [845 diabetes cases and 2318 random subcohort members (including 76 individuals that developed diabetes during follow-up)] participants were left for the analysis.
Biochemical measurements. Blood sampling, handling of blood samples, and biochemical measurements have been described elsewhere (13) . Biochemical measurements were performed in ethylene-diaminetetra-acetic acid (MORGEN) or citrate plasma (Prospect), which were highly correlated (r > 0.95) in a sample of 50 participants. Uric acid, g-glutamyltransferase, and TG were measured using enzymatic methods. HDL cholesterol was measured using a homogeneous assay with an enzymatic endpoint and creatinine was measured using the Jaffé method. All assays were performed on an autoanalyzer (LX20, Beckman Coulter). Plasma concentrations of biochemical markers in MORGEN participants were multiplied by 0.83 to obtain dilution concentrations similar to citrate plasma used in Prospect (14) .
Intake of food groups. Daily nutritional intake was obtained from an FFQ containing questions on the usual consumption frequency of 178 foods during the year preceding enrolment. The FFQ was validated against twelve 24-h recalls (15) , with median Spearman correlation coefficients between estimates of food group intake of 0.61 for men and 0.53 for women (15) . To identify dietary patterns, we aggregated the food items into 26 food groups, which were standardized in mean Dutch serving sizes.
Diabetes. Ascertainment and verification of diabetes has been described elsewhere (16) . In summary, occurrence of diabetes during follow-up was obtained from self-report in 2 follow-up questionnaires and from linkage with a hospital discharge diagnoses registry. Follow-up was complete at 1 January 2006. In the Prospect study, occurrence of diabetes was also obtained from a urinary glucose strip test for detection of glucosuria. Cases notified by any of these methods were verified against general practitioner or pharmacist information. Only cases confirmed by either the general practitioner or pharmacist were included in the analyses.
Baseline characteristics. At baseline, participants filled in a general questionnaire containing questions on demographics, presence of chronic diseases, and lifestyle. Physical activity, assessed by validated questionnaire, was categorized using the Cambridge Physical Activity Score (17) . Blood pressure (BP) was measured twice in a supine position on the right arm using a Boso Oscillomat (Bosch & Son) (Prospect) or on the left arm using a random zero Sphygmomano-meter (MORGEN) from which the mean was taken. Hypertension was defined as: diastolic BP $ 90 mm Hg, and/or systolic BP $140 mm Hg, and/or self-report (presence or antihypertensive medication use). The glomerular filtration rate was estimated using the Chronic Kidney Disease Epidemiology Collaboration equation, with creatinine concentrations standardized to the Roche enzymatic method (18) . Waist circumference (in cm) was measured midway between the lower rib margin and the iliac crest with participants in a standing position and after gently exhaling.
Data analysis. Plasma uric acid was divided into quartiles based on the concentrations in the random subcohort. Baseline characteristics of the subcohort are presented as mean 6 SD or median (IQR) for continuous variables and frequencies (percent) for categorical variables by quartiles of uric acid. We constructed a directed acyclic graph to represent our qualitative a priori assumptions of the associations among potential confounders, uric acid, and incident diabetes (Supplemental Fig. 1 ).
To address our first research question (whether uric acid is associated with incident diabetes), we used modified Cox regression models that accounted for the case-cohort design [Prentice weighted method (19) ] to estimate associations of uric acid with diabetes. We adjusted for age (continuous), sex (male, female), physical activity (inactive, moderately inactive, moderately active, active), smoking (never, former, current smoker), and parental history of diabetes (3 categories) (model 1). A test for linear trend was performed by including median values of each quartile of uric acid in the regression model.
To address our second research question (whether the association of uric acid with incident diabetes is independent of diet), we subsequently introduced a uric acid-related dietary pattern score (quartiles, based on the distribution in the subcohort). The uric acid-related dietary pattern was identified with reduced rank regression (RRR) using the SAS procedure PLS with method = RRR (20) . RRR identifies linear combinations of predictor variables that explain maximum variation in one or more response variables that are presumed to affect disease risk (20) . We applied RRR analysis in a random 50% of the subcohort, using uric acid (continuous) as response variable and 26 food groups (in servings) as predictor variables. Linear combinations of predictor variables derived from RRR can be used to calculate a score, in this case, a dietary pattern score. The number of extracted scores from RRR cannot exceed the number of selected responses. In our study, one response variable was used (uric acid) and therefore we derived one score. From the RRR analysis, factor loadings for each predictor variable (food group) were obtained. The higher the factor loading, the stronger the food group correlates with the dietary pattern. We considered food groups with factor loadings $0.20 as significant contributors to the dietary pattern. We calculated a so-called simplified dietary pattern score by summing up unweighted servings of food groups with factor loadings $0.20 (21) . With unweighted, it is indicated that servings of food groups were not weighted by their factor loadings. Food groups with negative factor loadings were assigned a negative algebraic sign in the calculation of the score. The score was calculated in the entire study population. The simplified dietary pattern score is considered a less data-dependent dietary pattern score, which may be better reproducible in other populations than original scores (which include all food groups included in the RRR, weighted by their factor loading) (21) . To internally validate our findings, we performed a sensitivity analysis with RRR applied in the remaining 50% of the subcohort. We calculated a simplified dietary pattern score in the entire study population as described above and all analyses were repeated using this score.
To Finally, all potential confounders were combined in one model to explore an independent association of uric acid with diabetes (model 2).
All analyses were stratified by cohort (Prospect; MORGEN) by including cohort in the strata statement. In a series of sensitivity analyses, we gained further insight into the potential confounding effect of the uric acid-related dietary pattern by additionally quantifying the association of the simplified dietary pattern score with risk of diabetes using modified Cox regression. Second, we repeated analyses with adjustment for single food groups known to be associated with both uric acid and incident diabetes (fish, legumes, vegetables, dairy products, coffee, sugar and candy, and all food groups included in the simplified dietary pattern score) to further explore potential confounding by diet. Third, because uric acid levels are known to differ by sex, we tested for interaction by sex for the association of uric acid with diabetes (model 2) using a Wald test. Analyses were performed using Stata version 11.1 and SAS version 9.1 (SAS Institute). A 2-sided significance level of 0.05 was used.
Results
The plasma uric acid concentration in the subcohort was (mean 6 SD) 275 6 49.5 mmol/L. Uric acid concentrations associated directly with male sex, postmenopausal status, and BMI, whereas it inversely associated with HDL cholesterol.
Moreover, uric acid concentrations associated directly with intake of alcohol and meat ( Table 1) .
The identified uric acid-related dietary pattern correlated positively with uric acid (r = 0.40) and explained 16% of the uric acid variation. Higher dietary pattern scores characterized diets with relatively high intake of alcohol and meat and relatively low soy and tea consumption ( . When all potential confounders were combined in one model (model 2), we found a HR Q4 of 1.43 (95% CI: 0.97, 2.10), but a higher diabetes risk remained present (P-trend = 0.04) ( Table 3) .
In sensitivity analyses, a uric acid-related dietary pattern in the remaining 50% of the subcohort explained 15% of uric acid variation and was largely similar to the original pattern. The association of uric acid with diabetes was almost similar after we repeated the analysis adjusting for this dietary pattern score 
Discussion
In this prospective case-cohort with 845 incident diabetes cases and a mean follow-up of 10 y, elevated plasma uric acid associated with higher diabetes risk independent of other risk factors, such as obesity and hypertension. The degree of adiposity explained a large part of the association, whereas the uric acid-related dietary pattern score did not. The strengths of our study include its prospective design, long follow-up, large number of verified diabetes cases, and ability to adjust for a comprehensive range of potential confounders, including adiposity and biochemical markers such as HDL cholesterol. Limitations of our study include that plasma uric acid and other biochemical markers were measured only once, which made us unable to account for intra-individual variability. Second, women were overrepresented in our study. However, we found no interaction by sex. This suggests that the associations of uric acid with diabetes are similar for men and women and that our findings are still generalizable to men. Third, although we took a comprehensive range of potential confounders into account, we were unable to adjust for baseline insulin resistance or fasting glucose. We also were unable to adjust for the use of uric acid-influencing drugs, such as allopurinol. However, data on use of diuretics and sartanics were available for part of the population (n = 1491) and additional adjustment for use of those drugs did not materially change our findings (data not shown).
We found that higher uric acid associated with higher diabetes independent of other risk factors. Although most previous studies confirmed this, a few others did not, as was shown in a recent meta-analysis (3). Because many diabetes risk factors also closely associate with uric acid (1,2), it is difficult to make a conclusion about an independent relationship. Previous studies vary in the potential confounders taken into account that may have contributed to the differences found thus far. A metaanalysis of cohort studies reported an overall 17% increased diabetes risk per mg/dL (59.5 mmol/L) uric acid increase (3). In analysis limited to studies that corrected for at least 3 metabolic confounders such as BMI, the association attenuated to 11%, but remained significant, which suggests an independent association (3). We found almost identical directions and magnitudes of associations, with a 20% increased diabetes risk per 59.5 mmol/L uric acid increase in an obesity-adjusted model, which attenuated to 13% after further adjustment for metabolic risk factors in additional analyses (data not shown). In contrast, a recent study found no evidence for a causal link between uric acid and diabetes using a Mendelian randomization approach (22) . However, the genetic loci used in that study (22) together explain only ;5% of uric acid variation (23) and there may exist still-unidentified loci associated with uric acid as well as type 2 diabetes. Human experimental studies that link uric acid with intermediate outcomes, such as insulin resistance, are few in number (24, 25) . Insulin sensitivity improved after treatment with uric acid-lowering agents in hyperuricemic adults with congestive heart failure (25), which supports our findings. However, among males with fructose-induced hyperuricemia, lowering the uric acid levels resulted in a reduction of metabolic syndrome, but not insulin resistance (24) . Possibly, the very high dose of fructose used or short duration of the study explains this discrepancy.
The food groups included in our dietary pattern were previously associated with diabetes (11, 12) and some with uric acid (4,7,9,10). The unexpected negative factor loading for cakes and cookies may be due to underreporting by obese individuals (26) . The results did not materially change when we used a dietary pattern score excluding cakes and cookies (data not shown).
We expected the association of uric acid with diabetes to attenuate after correction for diet. However, the dietary pattern explained only 16% of uric acid variation, which may be too low to observe the association of uric acid with diabetes. Indeed, the pattern did not associate with diabetes. Others reported strong and independent associations of RRR-derived dietary patterns relating to inflammatory and/or glucose metabolism biomarkers with diabetes (27) (28) (29) (30) . Although dietary patterns identified in those studies were to a large extent similar to ours, in our study, alcohol positively contributed to the pattern score (with wine being the largest contributor), whereas wine consumption contributed negatively in other studies. Because moderate alcohol consumption protects against diabetes (31), as was also the case in part of this study population (32) , it may explain the difference with previous studies. We therefore additionally analyzed the association between this pattern, with alcohol contributing in a negative instead of a positive direction, and diabetes and we found higher diabetes risks with higher pattern scores (data not shown), similar to previous studies. However, when we adjusted the association of uric acid with diabetes for this additionally derived score, it still did not affect the association of uric acid with diabetes (data not shown). It is therefore unlikely that the positive contribution of alcohol to the dietary pattern explains the lack of influence of diet on the association between uric acid and diabetes. In addition, our sensitivity analyses, which showed no effect of individual food groups associated with both uric acid and diabetes on the association of uric acid with diabetes, further support that diet does not confound the association of uric acid with diabetes.
Mechanisms that relate uric acid to diabetes are still unclear, but several have been suggested. Animal experiments have shown that hyperuricemia may induce endothelial dysfunction by inhibiting NO bioavailability. Because insulin depends on NO for stimulation of glucose uptake, this may result in inhibited glucose uptake. Therefore, it can be hypothesized that hyperuricemia plays an important role in the development or worsening of insulin resistance (1,2). Furthermore, a direct effect on adipocytes has been suggested. In mouse adipocytes, uric acid induced a proinflammatory state (33) , whereas lowering uric acid levels in obese mice resulted in reduced insulin resistance via direct effects on antiinflammatory markers produced by adipocytes (34) .
In conclusion, this study confirms that uric acid may be an independent risk factor for diabetes, although a large part of the association can be explained by the degree of adiposity. Our study suggests a minor role for diet as confounder in the association of uric acid with diabetes.
